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ABSTRACT
Aim For most higher-order taxa, species diversity peaks sharply in the moist
tropics and declines rapidly at higher latitudes. However, the mechanisms driving
this latitudinal gradient are numerous, remain uncertain and are even undocu-
mented in some important major clades such as the grasses. Grasses are a cosmo-
politan, important plant family with more than 11,000 species world-wide. Our
aims were: to investigate the latitudinal distributions of species richness for differ-
ent grass lineages, and the grass family as a whole; and to test hypotheses proposed
in general for the latitudinal diversity gradient or specifically as determinants of
grass species richness patterns at the global scale.
Location Global.
Methods We used the most comprehensive global database of grass distributions
currently available to calculate species richness for 340 political regions of the
world. Using generalized additive models we used these data to model the latitu-
dinal gradients of species richness for different grass lineages and for the grass
family as a whole. We constructed multiple regression models to include climatic,
productivity, topographic, habitat and geographic variables.
Results An unusual, shallow latitudinal diversity gradient arises because different
grass lineages exhibit contrasting latitudinal patterns. This reflects differential spe-
cialization of grass lineages to arid and cool environments, the legacy of historical
effects, most notably the Gondwanan origin of the grasses, and a strong association
between grasses and topographically heterogeneous, mountainous regions.
Main conclusions The grasses are one of the relatively few higher-order lineages
that exhibits an atypical latitudinal gradient; this has arisen because of climatic
specialization of particular grass lineages to cold and arid environments. Key addi-
tional roles have been inferred for historical biogeography and topographical het-
erogeneity in determining global patterns of grass species richness. These
mechanisms have generally been under-appreciated and are probably important for
many other lineages.
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INTRODUCTION
The first observation that species richness is greatest in the
tropics and rapidly declines towards the poles was made by
Alexander von Humboldt 200 years ago (von Humboldt, 1874;
Hawkins, 2001). This latitudinal diversity gradient (LDG) has
since become established as a fundamental ‘rule’ of biology
(Hawkins, 2001; Hillebrand, 2004), underpinning our under-
standing of the global distribution of diversity hotspots. Despite
its near ubiquity for higher-order taxa of both animals and
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plants (Hillebrand, 2004), the drivers of this global pattern, and
global species richness patterns in general, remain uncertain,
and numerous mechanisms have been proposed (Hawkins et al.,
2003; Willig et al., 2003; Mittelbach et al., 2007).
One of the key hypothesized mechanisms for the LDG is that
few species have evolved adaptations to cold, dry or unpredict-
able climates (Brown, 1988; Ricklefs & Schluter, 1993; Nemani
et al., 2003; Willig et al., 2003; Wiens & Donoghue, 2004; Wiens
et al., 2010). Dry or cold environments are specifically challeng-
ing for plants because adaptations must evolve to enable the
tolerance or avoidance of extreme low water potentials (Chaves
et al., 2003). An alternative, but related, hypothesis for the LDG
is that due to higher input of solar radiation in the tropics,
productivity is higher in these regions and this somehow allows
the accumulation of species (Hutchinson, 1959). High produc-
tivity could allow larger populations of species, thereby reducing
the risk of extinction and, over time and with further speciation,
higher species richness (Currie et al., 2004).
A further hypothesized factor for the LDG is the great antiq-
uity of tropical biomes, which influences diversity by giving
species a longer time to accumulate (Wiens & Graham, 2005).
For groups with limited dispersal, large global-scale barriers to
movement, including oceans and mountains, will restrict pat-
terns of diversity. Consequently for some groups it might be
expected that specialization and diversification have occurred
independently of latitude because of historical constraints. More
generally, the age of lineages or the time they have occupied a
particular geographical region or environment is likely to be
important in determining patterns of diversity (Wiens et al.,
2010).
Most documented global patterns of the species richness of
higher-order plants exhibit the classic LDG pattern of highest
species richness in the tropics and decreasing species richness
towards the poles (Hillebrand, 2004; Kreft & Jetz, 2007). Simi-
larly, most plant lineages exhibit positive associations with prod-
uctivity, temperature and precipitation (Francis & Currie, 2003;
Hawkins et al., 2003; Field et al., 2009), all of which are corre-
lated with one another and with latitude to some degree
(Hawkins & Diniz-Filho, 2004; Wiens & Donoghue, 2004), and
have been proposed as determinants of the LDG (Table 1).
There are some notable exceptions to these patterns, including,
for example, that around 20% of flowering plant families are
Table 1 Principal hypotheses explaining the latitudinal gradient of diversity, and the variables associated with these in our analysis.
Categorization Hypothesis Explanation Variables
Ecological Ambient energy High latitudes require physiological specialization because they are
colder and show greater fluctuations in temperature, which
necessitate adaptations that are difficult to evolve (Ricklefs &
Schluter, 1993; Nemani et al., 2003; Willig et al., 2003; Wiens &
Donoghue, 2004; Wiens et al., 2010)
MAT (Hijmans et al., 2005)
Harshness Species richness is negatively correlated with ‘harsh’ or stressful
environmental conditions (Brown, 1988; Willig et al., 2003)
MAT (Hijmans et al., 2005),
MAP (Hijmans et al., 2005)
Productivity and/or
more individuals
Input of solar radiation is higher in the tropics, providing energy for
higher productivity and ultimately biomass. Higher biomass can
support larger populations, reducing the chances of extinction
(Hutchinson, 1959; Willig et al., 2003; Currie et al., 2004)
NPP (Zhao et al., 2005)
Heterogeneity Regions with more environmental heterogeneity will support a greater
diversity of habitats, each occupied by different sets of species
(Hutchinson, 1959; Pianka, 1966; Willig et al., 2003)
TOPO (Hijmans et al., 2005)
Area The tropics are much larger than temperate regions, and contiguously
distributed around the equator (Terborgh, 1973; Rosenzweig, 1995;




Evolutionary Time for speciation Lineages that have a long history in a particular environment will
have had a longer time to diversify into different niches within that
environment, thereby accumulating species richness (Willis, 1922;
Stephens & Wiens, 2003; Wiens, 2011)
All variables
Diversification rates Diversification rates are higher (either due to high speciation rates or
low extinction rates) in a particular environment. This could be for
any number of reasons, including genetic drift among low-density
populations, smaller climatic fluctuations over geological time,
stronger environmental gradients in the tropics, higher
temperatures promote higher mutation rates, and more interactions
among species promotes co-evolution (Rohde, 1992; Mittelbach
et al., 2007)
All variables
MAT, mean annual temperature; MAP, mean annual precipitation; NPP, net primary productivity; TOPO, topographical heterogeneity; CONTINENT,
continent in which a sampling region is found.
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restricted to cool climates (Ricklefs & Renner, 1994), the large
number of pines in temperate zones of the Northern Hemi-
sphere (Richardson & Rundel, 1998) and the high richness of
Cactaceae in arid climates (Barthlott & Hunt, 1993). A powerful
way to determine the relative importance of the numerous
co-correlated factors hypothesized to be responsible for global
species richness patterns is to investigate groups with an excep-
tional LDG (Jansson & Davies, 2008), which has previously been
attempted for animals (e.g. Stephens & Wiens, 2003; Smith
et al., 2005; Buckley et al., 2010; Kozak & Wiens, 2012) but to the
best of our knowledge not for plants.
In this paper, we evaluate these explanations for the LDG
using data on grasses (Poaceae). The grasses are ideal for explor-
ing the determinants of global diversity because they are an old
(Vicentini et al., 2008; Prasad et al., 2011), species-rich, ecologi-
cally abundant and cosmopolitan plant group. They are distrib-
uted among almost all terrestrial habitats from Antarctic tundra
to tropical forests, and are one of the few truly global groups of
organisms (Hartley, 1950; Cross, 1980). Previous work has dem-
onstrated that climatic specialization within different grass lin-
eages (including the evolution of C4 photosynthesis; Edwards &
Smith, 2010) and adaptations for cold and drought tolerance
have allowed them to occupy both cold and dry environmental
niches (Pooideae; Danthonioideae and Ehrhartoideae within
cold environments, and Chloridoideae and Aristidoideae in arid
environments; Hartley, 1950; Cross, 1980; Edwards & Smith,
2010; Visser et al., 2012), and that these lineages diverged during
the Eocene to Oligocene, at approximately the same time as CO2
levels began to fall and cooler and drier climates started to
spread (Zachos et al., 2001; Christin et al., 2008; Vicentini et al.,
2008; Sandve & Fjellheim, 2010; Humphreys & Linder, 2013).
We investigated the global pattern of grass species richness
using distribution data for 11,086 species, representing 99.9% of
grass species known to occur world-wide (Clayton et al., 2006
onwards; Table S1 in Supporting Information). Based on
current knowledge, we hypothesized that the species richness of
some grass lineages, and perhaps the entire grass family, would
not be highest in the tropics and would therefore exhibit an
atypical LDG, because adaptations to arid and cold environ-
ments (Edwards & Smith, 2010), and the antiquity of these
lineages (Table S1; Vicentini et al., 2008; Bouchenak-Khelladi
et al., 2010), have allowed major radiations outside humid tropi-
cal forests. This prediction is based on the assumption that
climatic factors are the most important correlates of global pat-
terns of grass species richness. However, there are numerous
hypotheses for the LDG (Willig et al., 2003), and therefore
numerous variables that may be correlated with global patterns
of species richness. We used a multiple regression approach with
generalized additive models (GAMs) to test for associations
between species richness and variables that are representative, to
some degree, of some of the most important ecological and
historical mechanisms proposed for the LDG (Table 1; Willig
et al., 2003; Mittelbach et al., 2007; Field et al., 2009).
As predictors we used two climatic variables, mean annual
temperature (MAT) and mean annual precipitation (MAP;
Hijmans et al., 2005), which have been associated with the
‘ambient energy’ and ‘harshness’ hypotheses (Hawkins et al.,
2003; Willig et al., 2003; Table 1); a satellite-derived measure of
net primary productivity (NPP; Zhao et al., 2005), which has
been associated with the ‘productivity’ hypothesis (Hawkins
et al., 2003; Willig et al., 2003; Table 1); and the range in eleva-
tion of sample regions as a measure of topographical heteroge-
neity (Hijmans et al., 2005), which has been associated with the
‘heterogeneity’ hypothesis (Kreft & Jetz, 2007; Table 1).
We also included the area of sampling regions covered by
grassland and by forest as predictors, to test whether particular
grass lineages were strongly associated with either of these
habitat types. Previous research has demonstrated that the
ancestral habitat type for grasses was a closed-canopy environ-
ment but, apart from the bamboos, most of the major grass
lineages appear to have adapted to open environments early in
their evolutionary history (Bouchenak-Khelladi et al., 2010). It
is therefore possible that the grass species richness of these lin-
eages could be positively associated with grassland area (and vice
versa for forest area) because of a longer time available for
radiation within this habitat type.
Modern-day continents have existed as largely separate
entities (Zachos et al., 2001) for much of the period during
which the radiation of the major grass lineages has occurred (i.e.
the last c. 40 Myr; Vicentini et al., 2008). Oceans probably rep-
resent significant obstacles to long-distance dispersal for grasses
(Linder et al., 2013); this is further supported by evidence that
major differences in grass floras at the generic level are largely
congruent with modern-day continents (Clayton, 1975; Fig. S1).
Because of the Gondwanan origin of the grasses (Bremer, 2002;
Bouchenak-Khelladi et al., 2010), and the longer time available
for speciation and radiation into different niches (the ‘time for
speciation’ hypothesis; Table 1), we hypothesized that species
richness should be higher in South America and Australia. These
are the modern-day continents that formed Gondwana, and
were connected to one another via Antarctica up until the diver-
gence of the major grass clades c. 29–49 Ma (Zachos et al., 2001;
Vicentini et al., 2008). However, an alternative is that other con-
tinents may have experienced higher diversification rates (the
‘diversification rates’ hypothesis; Table 1) and would therefore
exhibit similar, or even higher, species richness. Furthermore,
because modern-day continents represent relatively distinct bio-
geographical regions for the grasses, the area of a continent may
have influenced global species richness patterns and we might
expect that larger continents would have more grass species (the
‘geographic area’ hypothesis; Table 1). We therefore included the
continent to which a sampling region belonged as a predictor.
It should be noted that environmental and geographical
factors can only influence species richness patterns through
their influence on the processes of speciation, extinction and/or
dispersal (Wiens, 2011; Kozak & Wiens, 2012). Strong relation-
ships between species richness and environmental and geo-
graphical factors, therefore, do not preclude the importance of
the ‘time for speciation’ (occupation of a particular range of an
environmental variable or geographical region for a long time)
and ‘diversification rates’ (the environmental factor or geo-
graphical region is associated with higher rates of diversifica-
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tion) hypotheses (Table 1; Wiens, 2011; Kozak & Wiens, 2012).
It was not our intention in this analysis to test the relative impor-
tance of each hypothesis, but rather to test the relative strength
of correlations between grass species richness and the environ-
mental and geographical variables previously associated with
these hypotheses. We synthesize these hypotheses for the LDG,
and show in Table 1 how the variables in our analyses might be
associated with each hypothesis.
METHODS
Species richness data
GrassBase provides expert-determined distributions for the
estimated 11,086 grass species found world-wide (http://
www.kew.org/data/grasses-db/chars.htm; according to Clayton
et al., 2006 onwards). These have been assembled by taxono-
mists at the Royal Botanic Gardens, Kew using herbarium and
published distribution records (Clayton et al., 2006 onwards).
Species distributions were recorded according to the World Geo-
graphical Scheme for Recording Plant Distributions (WGSRPD;
Biodiversity Information Standards (TDWG), 2007) at the level
of ‘botanical country’, but hereafter we refer to the aggregation
of these data at the scale of ‘region’. Regions, as defined by the
WGSRPD, are usually equivalent to countries, but for larger
countries are often represented by states or provinces, and out-
lying areas of countries (e.g. distant islands) are often excluded
(Biodiversity Information Standards (TDWG), 2007).
Recent phylogenies have revealed that taxonomic classifica-
tions of grasses using morphological characters do not always
produce monophyletic groups (Grass Phylogeny Working
Group, 2001; Barker et al., 2007; Sánchez-Ken et al., 2007;
Bouchenak-Khelladi et al., 2008; Grass Phylogeny Working
Group II, 2012), and this issue affects the higher-order taxo-
nomic classifications used in GrassBase. Since we are interested
in natural groupings, the taxonomic classifications of species
at the level of tribe (http://www.kew.org/data/grasses-db/
chars.htm) were used to reclassify species to the subfamily level
using information from phylogenies (Table S1). Sufficient infor-
mation on distribution and taxonomy was available to calculate
species numbers in each clade and for all Poaceae for 361
regions.
Environmental and geographical data
Values for MAP (mm year−1; Hijmans et al., 2005), MAT (°C;
Hijmans et al., 2005) and NPP (gC m−2 year−1; Zhao et al., 2005)
were calculated for each region. The proportion of each region
classified as grassland (GRASSLAND; Fig. S2a) was based on a
global land-cover classification (Hansen et al., 2000), with grass-
lands including the land-cover categories ‘grassland’, ‘wooded
grassland’ and ‘woodland’. The reason for regarding woodlands
as grasslands for our purposes is that this land-cover category
includes much of the world’s savanna biome, which is function-
ally and ecologically regarded as grassland (e.g. Bond, 2008;
Ratnam et al., 2011). The proportion of each region classified as
forest (FOREST) was based on the same global land-cover clas-
sification (Hansen et al., 2000), and included the land-cover
types: ‘needleleaf ’, ‘broadleaf ’ and ‘mixed forest’ (Fig. S2b).
Topographical heterogeneity was represented by the range in
elevation, calculated as the maximum difference in elevation for
a sampling region according to the WORLDCLIM elevation
dataset (Hijmans et al., 2005). All calculations were performed
using ArcGIS 9.3 (ESRI, 2006).
The continent to which a region belongs was based on the
Level 1 classifications of the WGSRPD (grass species distribu-
tions were collected at the Level 3 classification of the WGSRPD;
Biodiversity Information Standards (TDWG), 2007; Fig. S2b).
We modified the Level 1 WGSRPD classification to have eight
continents: Africa, the Antarctic, Asia-tropical, Australasia,
Eurasia (Europe and Asia temperate combined), North America,
the Pacific and South America, in order to more closely approxi-
mate the seven major grass genus distribution limits of Clayton
(1975; Fig. S1a) and also moved New Guinea, the Bismarck
Archipelago and the Solomon Islands, from Asia-tropical to
Australasia, following a recent re-delineation of Wallace’s Line
based on plant distributions (van Welzen et al., 2011; Fig. S1c).
The area of each continent was calculated in ArcGIS 9.3 (ESRI,
2006).
The area of each region, calculated in ArcGIS 9.3 (ESRI,
2006), was included as a predictor to control for species–area
relationships. Environmental data were not available for some
smaller oceanic islands, which were therefore excluded from the
analyses (Table S2). In addition, all regions classified as
‘Antarctic’ (Antarctica and 10 nearby islands) were excluded
because there were so few regions within this continental cat-
egory (Table S2), resulting in a total of 340 regions used in the
analyses.
Islands have large numbers of endemic species, but also have
fewer species overall than mainland floras (Kreft et al., 2008).
The degree of isolation and the age of islands are important
factors influencing species richness on islands (Kreft et al.,
2008), neither of which were included in our analyses. However,
Kreft et al. (2008) found island area to be the single most impor-
tant predictor of vascular plant species richness and, for this
reason, oceanic islands were retained in our analyses.
Statistical analyses
The latitude and longitude of the centroid of each region were
calculated in ArcGIS 9.3 (ESRI, 2006). GAMs, implemented in
the R (R Development Core Team, 2012) package ‘mgcv’ (Wood,
2006), were used to depict the latitudinal distributions of clade
and total Poaceae species richness by modelling the response of
species richness to latitude. GAM regression is performed by
fitting smooth additive functions for each covariate included in
the model. The smooth terms are weighted linear sums of a fixed
number of basis cubic spline functions. The smoothness of the
functions was estimated by maximizing the overall fit of
the model while simultaneously refining the smoothness of the
cubic splines using the generalized cross-validation criterion.
We used penalized thin plate regression splines with a maximum
V. Visser et al.
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of 10 knots (Wood, 2006). The log-transformed area of each
region was included as a covariate in the GAMs to control for the
species–area effect. Count data are prone to overdispersion, and
therefore a quasi-Poisson error distribution was assumed in the
GAMs (O’Hara & Kotze, 2010).
Environmental and geographical associations with clade and
total species richness were also analysed using GAMs. A
maximum of four knots were used to model these relationships.
Each predictor was analysed individually and Box–Cox transfor-
mations applied if these allowed the distribution of the predic-
tor to approach uniformity (Table S3). Thereafter, all predictors
were standardized to have a mean of zero and a variance of one
to account for differences of scale (Schielzeth, 2010). Predictors
were checked for covariation, but none of the pairs of chosen
variables were highly correlated (in all cases r < 0.6, other than
for MAP and NPP, for which r = 0.77, but which we still
included because of the robustness of GAMs to collinearity
between predictor variables; Table S4; Smith et al., 2009;
Freckleton, 2011). Thereafter, multiple-predictor GAMs were
fitted to clade species richness to assess predictor importance
(Table S5; although we also tested the effect of not including
NPP as a predictor in multiple-predictor GAMS; Table S6).
Multiple-predictor GAMs were fitted to total Poaceae richness to
compare predictor relationships with clade species richness.
GAM F-statistics and associated P-values may overestimate the
significance of predictors (Wood, 2006), and we therefore used a
method similar to that of Whittingham et al. (2005) to estimate
the importance of variables. The mean change in deviance when
removing a predictor from the multiple-predictor GAM was
used as a more robust measure of predictor importance than
the F-statistics and associated P-values. This was calculated
by including a normally distributed random predictor in
the multiple-predictor GAM, dropping a predictor from this
multiple-predictor GAM and then calculating the percentage
change in deviance (a likelihood measure of model perfor-
mance) between these two models. This procedure was repeated
1000 times with a different random predictor each time (for
each predictor in the multiple-predictor GAM, including the
random predictor). The mean percentage change in deviance
was then calculated for each predictor. This provides us with a
measure of the importance of a variable for each predictor that
can be compared with that of a randomly generated predictor.
The continent to which a region belonged was included as one
of the predictors in multiple-predictor GAMs. This variable is
associated with a number of hypotheses, including the ‘geo-
graphic area’, ‘time for speciation’ and ‘diversification rates’
hypotheses (Table 1). The ‘geographic area’ hypothesis predicts
that larger continents should harbour more species, but it was
not possible to include the area of each continent as a predictor
in addition to continent as a factor because these are perfectly
collinear. We therefore tested this hypothesis by ordering the
partial residuals for continental association (i.e. the effect of
continental association on species richness after taking into
account all other predictors) in increasing order of continen-
tal area (PACIFIC < ASIA-TROPICAL < AUSTRALASIA < S
AMERICA < AFRICA < N AMERICA < EURASIA).
Global species richness maps were created by interpolating
multiple-predictor GAM fits onto an equal-area (c. 12,452 km2)
hexagonal grid of the world (Sahr et al., 2003). All grid cells with
a land area of less than 70% were excluded prior to interpola-
tion, resulting in a total of 14,006 cells remaining. Environmen-
tal data, apart from CONTINENT, were available at higher
resolutions than the hexagonal grid, and therefore mean values
for hexagons were calculated for each predictor. Continental
association was determined by the continent with the greatest
proportion of overlap with each grid cell. Grass clade species
richness maps (apart from total Poaceae) at the resolution of the
hexagonal grid were produced by fitting the multiple-predictor
GAMs (fitted using data at the scale of regions) to the new
predictor dataset at the scale of the hexagonal grid. Total Poaceae
richness for each hexagonal cell was calculated as the sum of
the values of the nine major grass subfamilies (Pooideae,
Panicoideae, Chloridoideae, Bambusoideae, Aristidoideae,
Danthonioideae, Micrairoideae, Ehrhartoideae and Arundi-




In contrast with patterns reported in many other higher-level
taxa of comparable size, the grasses do not exhibit a sharp tropi-
cal peak in diversity. Instead, species richness forms an atypically
shallow latitudinal gradient, peaking at mid-latitudes, particu-
larly in the Southern Hemisphere, and decreasing significantly
only at northern latitudes above 50° (Fig. 1a). In comparison
with the global pattern of species richness for all vascular plants
(Kreft & Jetz, 2007), the lowland tropical regions of the world
are notably impoverished in grass species (Fig. 1b).
Decomposition of the Poaceae into its constituent clades
reveals contrasting latitudinal patterns of species richness in
each lineage, with peaks at different latitudes combining to
produce the shallow overall latitudinal gradient (Fig. 1). Three
groups are the most species rich outside of the tropics. Pooideae
diversity peaks in the temperate regions of both the Northern
and Southern Hemispheres (Figs 1c,d & S3b). Peaks of richness
for Danthonioideae and Ehrhartoideae occur in Southern
Hemisphere temperate regions (Figs 1m,n,q,r & S3g–i). In con-
trast, Panicoideae, Chloridoideae, Aristidoideae, Micrairoideae
and Arundinoideae all have peaks in diversity at similar latitudes
close to the tropics of Cancer and Capricorn (Figs 1e–h,k–
l,o,p,s,t & S3c,d,f,h–j).
The modelled responses of clade species richness to latitude
(and region area) generally produced credible fits (solid lines
represent GAM fits and shaded areas represent 95% confidence
intervals around these fits; Fig. 1) to observed clade species rich-
ness (shown as circles and error bars in 20 latitudinal bins;
Fig. 1). However, for some clades, most notably total Poaceae
(Fig. 1a), Pooideae (Fig. 1c) and Panicoideae (Fig. 1e), the GAM
fits generally underestimated the observed species richness. This
may arise because region area was included as a covariate in the
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models, but is not accounted for in the binned data shown in
Fig. 1; the difference between predictions and observations
increases with region area (data not shown).
Environmental and geographical correlates of
species richness
MAT is consistently one of the strongest predictors of species
richness in each lineage (Table 2). Overall grass species richness
peaks at intermediate values of MAT above freezing point.
However, the position of this peak differs markedly among
lineages (Fig. 2a), occurring at 12 °C in Pooideae and
Danthonioideae and 18 °C in Ehrhartoideae, but at 22 °C in
Bambusoideae and Aristidoideae and 29 °C in Panicoideae,
Chloridoideae, Micrairoideae and Arundinoideae.
Similarly, the association of diversity with MAP differs mark-
edly among clades (Fig. 2e), with a strong positive relationship
for Bambusoideae contrasting with a weaker positive one for
Panicoideae, and progressively more negative ones for Chlori-
doideae and Aristidoideae. The additive outcome of these
different patterns is a hump-shaped relationship of total grass
species richness, peaking at intermediate levels of precipitation,
with a modelled maximum at 770 mm. The association between
species richness and NPP was more important, as measured by
mean percentage change in deviances, than that with MAP in
the case of total Poaceae, Ehrhartoideae and Arundinoideae
richness, but was not significant for most clades, and was a far
less important predictor than most others (Table 2). This vari-
able was strongly collinear with MAP (r = 0.77; Table S4) and
multiple-predictor GAMs without NPP had much higher F- and
P-values for precipitation (Table S6). Nevertheless, total Poaceae
richness exhibited a generally positive relationship with NPP,
peaking at 0.76 gC m−2 year−1 (Fig. 2f).
Continent was one of the strongest predictors of species
richness for all grass clades (Table 2). South America, and
Australasia in particular, exhibited significantly greater species
richness than most other continents for many of the grass clades,
after controlling for the effects of the other predictors in the
multiple-predictor GAMs (Fig. 2c). Australasia had significantly
higher total Poaceae species richness than all the other conti-
nents, with the exception of South America and the Pacific,
possibly because of the few regions within the latter (Fig. 2c).
Continental association was especially important for Dantho-
nioideae and Micrairoideae, where it was the most important
predictor of species richness on a relative basis (Table 2). These
clades also showed particularly strong geographical biases in
their distributions of species richness (Figs 1m–p, 2c & S3e,g).
There was no obvious trend for larger continents to have higher
species richness than smaller continents (Fig. 2c).
Topographical heterogeneity was an important predictor
of species richness for all clades except Aristidoideae and
Ehrhartoideae (Table 2), and generally exhibited a positive rela-
tionship with clade species richness, with maximum richness
occurring in regions with the largest range in elevation in all
clades except Danthonioideae (Fig. 2d). Grassland and forest
area did not explain a great deal of variation in species richness
(Table 2), although there was weak support for associations
between species richness and grassland area in Pooideae,
Bambusoideae and Micrairoideae (Table 2; Fig. 2g), and for
associations between species richness and forest area in
Pooideae, Chloridoideae and Micrairoideae (Table 2; Fig. 2h).
Pooideae richness was highest in regions with intermediate
levels of forest cover but low grassland cover, whereas
Chloridoideae richness was highest in regions with no forest
cover and Micrairoideae richness was highest in regions with
low forest cover and relatively low grassland cover (Fig. 2g,h).
DISCUSSION
Most groups of plants and animals exhibit strong positive asso-
ciations with temperature or precipitation (Hawkins et al.,
2003), but our results, along with other noteworthy exceptions
(Barthlott & Hunt, 1993; Ricklefs & Renner, 1994; Richardson &
Rundel, 1998), reveal that high species richness can also be
associated with dry and cool environments. Most of the grass
lineages included in our analyses diverged more than 30 Ma (e.g.
Aristidoideae c. 44.4 Ma, Pooideae c. 42.5 Ma; Table S1; Vicentini
et al., 2008), before the expansion of temperate and arid envi-
ronments (Zachos et al., 2001). MAP and MAT, in particular,
were important correlates of global patterns of grass species
richness (Table 2). This observation lends support to the
hypothesis that the early divergence of particular grass
lineages allowed their radiation in expanding cool (Pooideae,
Danthonioideae and perhaps Ehrhartoideae) and arid (Chlori-
doideae and Aristidoideae) environments after the Oligocene,
once members of these lineages had evolved tolerance to cold or
dry conditions (Edwards & Smith, 2010; Sandve & Fjellheim,
2010; Humphreys & Linder, 2013). In the latter case, compara-
tive evidence indicates that the evolution of C4 photosynthesis
facilitated transitions into arid habitats (Osborne & Freckleton,
2009). That only some, and not all, lineages have large numbers
of species occurring in cool or arid environments highlights the
infrequency with which adaptations to these environments
evolve. This observation lends support to the ‘tropical conserva-
Figure 1 Global distributions of species richness. Modelled latitudinal distributions (left-hand panels) and observed global patterns
(right-hand panels) for all Poaceae (a, b), and for the nine major grass clades (c–t). For the left-hand panels, the curves represent GAM fits
to latitude (accounting for area) with shading representing 95% confidence limits. Mean and 95% confidence intervals of observed species
richness are indicated by circles and error bars in 20 latitudinal bins each representing 5% of observations. The right-hand panels show
observed global species richness patterns at the resolution of the regions of the World Geographical Scheme for Recording Plant
Distributions. For the observed global species richness patterns, yellows, oranges and reds indicate high species richness, and blues indicate
low species richness. Grey indicates no data or data excluded from analyses.
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tism hypothesis’, which postulates that most groups of organ-
isms have a tropical origin and have only recently (or have
never) dispersed to temperate regions (Wiens & Donoghue,
2004).
NPP was an important predictor for species richness of all
Poaceae and of some grass clades. However, it generally
explained only a small amount of variation in grass species
richness (Table 2), and the importance of MAP as a predictor of
grass species richness was much higher after the removal of NPP
from the model (Table S6), probably because of the high
collinearity between these two variables (Table S4). The ‘prod-
uctivity hypothesis’ has previously been rejected because the
number of individuals and species richness do not covary with
productivity (Currie et al., 2004), and we suggest that the
importance of this variable in predicting grass species richness
arises from a relationship with the residual variation unac-
counted for by temperature and precipitation, or because we did
not include in our models an interaction between temperature
and precipitation, with which plant productivity is often
strongly correlated (Del Grosso et al., 2008).
Continental association is one of the strongest predictors of
clade species richness (Table 2). We hypothesized that larger
continents would harbour higher species richness given the pre-
dictions of the ‘geographic area’ hypothesis (Table 1), but there
was no such trend observed for any of the grass clades (Fig. 2c).
We did find significantly greater species richness for all Poaceae
and most grass clades in Australia and, to a lesser extent, in
South America, suggesting that historical effects have played
a major role over and above climatic effects in structuring
current global patterns of grass diversity. The grass family is
hypothesized to have a Gondwanan origin (Bremer, 2002;
Bouchenak-Khelladi et al., 2010), with species distributed
throughout the connected landmasses of Australia, Antarctica
and South America until their breakup c. 35 Ma (Smith et al.,
1980). High grass species richness in Australasia and South
America (two of the continents that formed Gondwana; Figs 1 &
2c) and the presence of the earliest diverging grass lineage,
Anomochloideae (Vicentini et al., 2008), only in South America,
are consistent with a Gondwanan origin, and a longer evolution-
ary history in which to radiate.
Recent phylogenetic studies have highlighted the importance
of the amount of time a lineage has occupied a region (Wiens
et al., 2011; Kozak & Wiens, 2012) and, together with our results,
these contrast with a meta-analysis of studies on the latitudinal
gradient of diversity which found that historical factors had little
explanatory power (Field et al., 2009). However, this may be due
to the limited number of studies that have investigated such
historical effects (Field et al., 2009; Kozak & Wiens, 2012), and
the global correlation of climate and history caused by the greater
age of tropical biomes (Turner, 2004; Wiens & Donoghue, 2004;
Field et al., 2009). Future studies of global patterns of grass
species richness would benefit from a similar phylogenetic
approach to investigate the role of ‘time for speciation’ within an
environment or region (Wiens, 2011). Similarly, it would be
useful to test for the relative influence of an environment or
region on diversification rates (Wiens, 2011). However, given
current data, such tests of ‘time for speciation’ and ‘diversifi-
cation rates’ are not possible for grasses, due to the limited
sampling of species within even the largest phylogenies for this
group (Grass Phylogeny Working Group II, 2012). The grasses
are also an old group of plants that have spread to all continents
of the globe over geological time, but we have relatively little
knowledge of the past distributions of grass species. This makes
meaningful (i.e. geographically referenced) calculation of time
within a region and of diversification rates problematic. A more
complete phylogeny is required, together with accurate
phylogeographical reconstructions of past distributions.
Topographical heterogeneity was an important predictor of
grass species richness (Table 2; Fig. 2d), matching the pattern
found for global species richness of vascular plants (Kreft & Jetz,
2007). High species turnover across altitudinal gradients
(Rosenzweig, 1995; Qian & Ricklefs, 2000), rapid speciation
rates during the uplift of mountain ranges (Kreft & Jetz, 2007;
Linder, 2008) or the accumulation of species due to speciation
associated with past climatic change (Qian & Ricklefs, 2000;
Belmaker & Jetz, 2011) could explain the observed positive effect
of topographical heterogeneity. Regardless of the driving
mechanisms, regions with high topographical heterogeneity,
which are typically mountainous regions of the world, harbour
a considerable proportion of the world’s grass species (Figs 1, 2d
& S3).
Interestingly, grass species richness was not generally associ-
ated with greater grassland area (which included grasslands and
savannas), suggesting that grass diversity is not generally associ-
ated with grass-dominated vegetation types at large spatial scales.
Only c. 5% of grass species dominate grasslands (Edwards et al.,
Figure 2 Partial residual plots for the variables included as predictors of clade species richness in the multiple-predictor generalized
additive models (GAMs). These plots show the effect of each variable after taking into account the effects of all the other variables in the
model. Bold lines represent GAM fits, and shading 95% confidence limits. Mean and 95% confidence intervals of observed species richness
are indicated by circles and error bars in 10 consecutive bins each representing 10% of predictor partial residuals. Asterisks indicate
important predictors (as defined in Table 2). For (c), boxplots represent partial residuals of the effect of continental association on species
richness compared with AUSTRALASIA. The middle black line represents the median value, the lower whisker is the 10th percentile, the
lower box border the 25th percentile, the upper box border the 75th percentile, and the upper whisker the 90th percentile. Notches
represent approximate 95% confidence intervals. Continents are ordered from smallest to largest, with asterisks above the boxplots
indicating continents significantly different from AUSTRALASIA, and asterisks below the boxplots indicating continents significantly
different from S AMERICA (***P < 0.001; **P < 0.01; *P < 0.05). Variable acronyms are as described in Table 2 and Box-Cox
transformations of predictors as per Table S3.
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2010), meaning that larger grasslands do not necessarily harbour
more species because they are dominated by only a few species.
Our results support this hypothesis, showing that once factors
such as temperature, precipitation, historical biogeography and
topographical heterogeneity are taken into account, grassland
area does not predict grass species richness. However, it is worth
noting that, because of the coarse resolution of our data, associa-
tions with climatic variables will tend to be stronger (Field et al.,
2009), and we may have found a stronger association with a
habitat-related variable such as grassland area if our data had
been at a finer resolution. It should also be noted that grassland
area exhibits a fairly tight hump-shaped relationship with MAP,
similar to that observed for grass diversity and precipitation.
CONCLUSION
Our findings provide support for the hypothesis that tempera-
ture and precipitation play crucial roles in structuring global
patterns of grass species richness, but we find evidence to
suggest that historical biogeography has an almost equally
important role in explaining these patterns. We also find strong
statistical support for topographical heterogeneity as a correlate
of grass species richness, meaning that mountainous regions of
the world harbour a considerable proportion of the world’s
grass flora. In combination, the strong correlations of these
factors with grass species richness suggest that they play key
roles in driving the atypical global pattern in this major plant
group.
ACKNOWLEDGEMENTS
We thank JISC for funding this work via the GrassPortal project
(http://www.grassportal.org). Additional funding was provided
by the Working for Water Programme and the DST-NRF Centre
of Excellence for Invasion Biology, and a Royal Society Univer-
sity Research Fellowship for R.P.F.
REFERENCES
Barker, N.P., Galley, C., Verboom, G.A., Mafa, P., Gilbert, M. &
Linder, H.P. (2007) The phylogeny of the austral grass sub-
family Danthonioideae: evidence from multiple data sets.
Plant Systematics and Evolution, 264, 135–156.
Barthlott, W. & Hunt, D.R. (1993) Cactaceae. The families and
genera of vascular plants, Vol. 2 (ed. by K. Kubitzki, J.G.
Rohwer and V. Bittrich), pp. 161–197. Springer Verlag, Berlin.
Belmaker, J. & Jetz, W. (2011) Cross-scale variation in species
richness–environment associations. Global Ecology and Bioge-
ography, 20, 464–474.
Biodiversity Information Standards (TDWG) (2007) World geo-
graphical scheme for recording plant distributions. Available at:
http://www.tdwg.org/standards/109 (accessed 16 August 2013).
Bond, W.J. (2008) What limits trees in C4 grasslands and savan-
nas? Annual Review of Ecology, Evolution, and Systematics, 39,
641–659.
Bouchenak-Khelladi, Y., Salamin, N., Savolainen, V., Forest, F.,
Bank, M., Chase, M.W. & Hodkinson, T.R. (2008) Large
multi-gene phylogenetic trees of the grasses (Poaceae): pro-
gress towards complete tribal and generic level sampling.
Molecular Phylogenetics and Evolution, 47, 488–505.
Bouchenak-Khelladi, Y., Verboom, G.A., Savolainen, V. &
Hodkinson, T.R. (2010) Biogeography of the grasses
(Poaceae): a phylogenetic approach to reveal evolutionary
history in geographical space and geological time. Botanical
Journal of the Linnean Society, 162, 543–557.
Bremer, K. (2002) Gondwanan evolution of the grass alliance of
families (Poaceae). Evolution, 7, 1374–1387.
Brown, J.H. (1988) Species diversity. Analytical biogeography: an
integrated approach to the study of animal and plant distribu-
tions (ed. by A.A. Myers and P.S. Giller), pp. 57–89. Chapman
& Hall, London.
Buckley, L.B., Davies, T.J., Ackerly, D.D., Kraft, N.J., Harrison,
S.P., Anacker, B.L., Cornell, H.V., Damschen, E.I., Grytnes,
J.-A., Hawkins, B.A., McCain, C.M., Stephens, P.R. & Wiens,
J.J. (2010) Phylogeny, niche conservatism and the latitudinal
diversity gradient in mammals. Proceedings of the Royal Society
B: Biological Sciences, 277, 2131–2138.
Chaves, M.M., Maroco, J.P. & Pereira, J.S. (2003) Understanding
plant responses to drought – from genes to the whole plant.
Functional Plant Biology, 30, 239–264.
Christin, P.-A., Besnard, G., Samaritani, E., Duvall, M.R.,
Hodkinson, T.R., Savolainen, V. & Salamin, N. (2008) Oligo-
cene CO2 decline promoted C4 photosynthesis in grasses.
Current Biology, 18, 37–43.
Clayton, W.D. (1975) Chorology of the genera of Gramineae.
Kew Bulletin, 30, 111–132.
Clayton, W.D., Harman, K.T. & Williamson, H. (2006 onwards)
GrassBase – the online world grass flora.Available at: http://www
.kew.org/data/grasses-db.html (accessed 16 August 2013).
Cross, R.A. (1980) Distribution of sub-families of Gramineae in
the Old World. Kew Bulletin, 3, 279–289.
Currie, D.J., Mittelbach, G.G., Cornell, H.V., Field, R., Guegan,
J.-F., Hawkins, B.A., Kaufman, D.M., Kerr, J.T., Oberdorff, T.,
O’Brien, E. & Turner, J.R.G. (2004) Predictions and tests of
climate-based hypotheses of broad-scale variation in taxo-
nomic richness. Ecology Letters, 7, 1121–1134.
Del Grosso, S., Parton, W., Stohlgren, T., Zheng, D., Bachelet, D.,
Prince, S., Hibbard, K. & Olson, R. (2008) Global potential net
primary production predicted from vegetation class, precipi-
tation, and temperature. Ecology, 89, 2117–2126.
Edwards, E. & Smith, S. (2010) Phylogenetic analyses reveal the
shady history of C4 grasses. Proceedings of the National
Academy of Sciences USA, 107, 2532–2537.
Edwards, E.J., Osborne, C.P., Stromberg, C.A.E., Smith, S.A. & C4
Grasses Consortium (2010) The origins of C4 grasslands: inte-
grating evolutionary and ecosystem science. Science, 328, 587–
591.
ESRI (2006) ArcGIS 9.3. ESRI, Redlands, CA.
Field, R., Hawkins, B.A., Cornell, H.V., Currie, D.J., Diniz-Filho,
J.A.F., Guegan, J.-F., Kaufman, D.M., Kerr, J.T., Mittelbach,
G.G., Oberdorff, T., O’Brien, E. & Turner, J.R.G. (2009)
V. Visser et al.
Global Ecology and Biogeography, 23, 61–75, © 2013 John Wiley & Sons Ltd72
Spatial species-richness gradients across scales: a meta-
analysis. Journal of Biogeography, 36, 132–147.
Francis, A.P. & Currie, D.J. (2003) A globally consistent
richness–climate relationship for angiosperms. The American
Naturalist, 161, 523–536.
Freckleton, R.P. (2011) Dealing with collinearity in behavioural
and ecological data: model averaging and the problems of
measurement error. Behavioral Ecology and Sociobiology, 65,
91–101.
Grass Phylogeny Working Group (2001) Phylogeny and
subfamilial classification of the grasses (Poaceae). Annals of
the Missouri Botanical Garden, 88, 373–457.
Grass Phylogeny Working Group II (2012) New grass phylogeny
resolves deep evolutionary relationships and discovers C4
origins. New Phytologist, 193, 304–312.
Hansen, M., DeFries, R., Townshend, J.R.G. & Sohlberg, R.
(2000) Global land cover classification at 1 km resolution
using a decision tree classifier. International Journal of Remote
Sensing, 21, 1331–1365.
Hartley, W. (1950) The global distribution of tribes of the
Gramineae in relation to historical and environmental factors.
Australian Journal of Agricultural Research, 1, 355–373.
Hawkins, B.A. (2001) Ecology’s oldest pattern? Trends in Ecology
and Evolution, 16, 470.
Hawkins, B.A. & Diniz-Filho, J.A.F. (2004) ‘Latitude’ and
geographic patterns in species richness. Ecography, 27,
268–272.
Hawkins, B.A., Field, R., Cornell, H.V., Currie, D.J., Guégan, J.-F.,
Kaufman, D.M., Kerr, J.T., Mittelbach, G.G., Oberdorff, T.,
O’Brien, E.M., Porter, E.E. & Turner, J.R.G. (2003) Energy,
water, and broad-scale geographic patterns of species rich-
ness. Ecology, 84, 3105–3117.
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A.
(2005) Very high resolution interpolated climate surfaces for
global land areas. International Journal of Climatology, 25,
1965–1978.
Hillebrand, H. (2004) On the generality of the latitudinal diver-
sity gradient. The American Naturalist, 163, 192–211.
von Humboldt, A. (1874) Ansichten der Natur mit wissenschaft-
lichen Erläuterungen.
Humphreys, A.M. & Linder, H.P. (2013) Evidence for recent
evolution of cold tolerance in grasses suggests current distri-
bution is not limited by (low) temperature. New Phytologist,
198, 1261–1273.
Hutchinson, G.E. (1959) Homage to Santa Rosalia, or why are
there so many kinds of animals? The American Naturalist, 93,
145–159.
Jansson, R. & Davies, T.J. (2008) Global variation in diversifica-
tion rates of flowering plants: energy vs. climate change.
Ecology Letters, 11, 173–183.
Kozak, K.H. & Wiens, J.J. (2012) Phylogeny, ecology, and the
origins of climate–richness relationships. Ecology, 93, S167–
S181.
Kreft, H. & Jetz, W. (2007) Global patterns and determinants of
vascular plant diversity. Proceedings of the National Academy of
Sciences USA, 104, 5925–5930.
Kreft, H., Jetz, W., Mutke, J., Kier, G. & Barthlott, W. (2008)
Global diversity of island floras from a macroecological per-
spective. Ecology Letters, 11, 116–127.
Linder, H.P. (2008) Plant species radiations: where, when, why?
Philosophical Transactions of the Royal Society B: Biological
Sciences, 363, 3097–3105.
Linder, H.P., Antonelli, A., Humphreys, A.M., Pirie, M.D.
& Wüest, R.O. (2013) What determines biogeographical
ranges? Historical wanderings and ecological constraints
in the danthonioid grasses. Journal of Biogeography, 40,
821–834.
Mittelbach, G.G., Schemske, D.W., Cornell, H.V., Allen, A.P.,
Brown, J.M., Bush, M.B., Harrison, S.P., Hurlbert, A.H.,
Knowlton, N. & Lessios, H.A. (2007) Evolution and the lati-
tudinal diversity gradient: speciation, extinction and biogeog-
raphy. Ecology Letters, 10, 315–331.
Nemani, R.R., Keeling, C.D., Hashimoto, H., Jolly, W.M., Piper,
S.C., Tucker, C.J., Myneni, R.B. & Running, S.W. (2003)
Climate-driven increases in global net primary production
from 1982 to 1999. Science, 300, 1560–1563.
O’Hara, R.B. & Kotze, D.J. (2010) Do not log-transform count
data. Methods in Ecology and Evolution, 1, 118–122.
Osborne, C.P. & Freckleton, R.J. (2009) Ecological selection
pressures for C4 photosynthesis in the grasses. Proceedings of
the Royal Society B: Biological Sciences, 276, 1753–1760.
Pianka, E.R. (1966) Latitudinal gradients in species diver-
sity: a review of concepts. The American Naturalist, 100,
33–46.
Prasad, V., Strömberg, C.A.E., Leaché, A.D., Samant, B.,
Patnaik, R., Tang, L., Mohabey, D.M., Ge, S. & Sahni, A. (2011)
Late Cretaceous origin of the rice tribe provides evidence
for early diversification in Poaceae. Nature Communications,
2, 1–9.
Qian, H. & Ricklefs, R.E. (2000) Large-scale processes and the
Asian bias in species diversity of temperate plants. Nature,
407, 180–182.
R Development Core Team (2012) R: a language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. Available at: http://www.R
-project.org (accessed 16 August 2013).
Ratnam, J., Bond, W.J., Fensham, R.J., Hoffmann,
W.A., Archibald, S., Lehmann, C.E.R., Anderson, M.T.,
Higgins, S.I. & Sankaran, M. (2011) When is a ‘forest’ a
savanna and why does it matter? Global Ecology and Biogeog-
raphy, 20, 653–660.
Richardson, D.M. & Rundel, P.W. (1998) Ecology and biogeog-
raphy of Pinus: an introduction. Ecology and biogeography of
Pinus (ed. by D.M. Richardson), pp. 3–46. Cambridge Univer-
sity Press, Cambridge.
Ricklefs, R.E. & Renner, S. (1994) Species richness within fami-
lies of flowering plants. Evolution, 48, 1613–1636.
Ricklefs, R.E. & Schluter, D. (1993) Species diversity: regional
and historical influences. Species diversity in ecological commu-
nities: historical and geographical perspectives (ed. by R.E.
Ricklefs and D. Schluter), pp. 350–363. University of Chicago
Press, Chicago, IL.
Insights from an unusual latitudinal diversity gradient
Global Ecology and Biogeography, 23, 61–75, © 2013 John Wiley & Sons Ltd 73
Rohde, K. (1992) Latitudinal gradients in species diversity: the
search for the primary cause. Oikos, 65, 514–527.
Rosenzweig, M.L. (1995) Species diversity in space and time.
Cambridge University Press, Cambridge.
Sahr, K., White, D. & Kimerling, A.J. (2003) Geodesic discrete
global grid systems. Cartography and Geographic Information
Science, 30, 121–134.
Sánchez-Ken, J.G., Clark, L.G., Kellogg, E.A. & Kay, E.E. (2007)
Reinstatement and emendation of subfamily Micrairoideae
(Poaceae). Systematic Botany, 32, 71–80.
Sandve, S.R. & Fjellheim, S. (2010) Did gene family expansions
during the Eocene–Oligocene boundary climate cooling play
a role in Pooideae adaptation to cool climates? Molecular
Ecology, 19, 2075–2088.
Schielzeth, H. (2010) Simple means to improve the interpret-
ability of regression coefficients. Methods in Ecology and Evo-
lution, 1, 103–113.
Smith, A.C., Koper, N., Francis, C.M. & Fahrig, L. (2009) Con-
fronting collinearity: comparing methods for disentangling
the effects of habitat loss and fragmentation. Landscape
Ecology, 24, 1271–1285.
Smith, A.G., Hurley, A.M. & Briden, J.C. (1980) Phanerozoic
paleocontinental world maps. Cambridge University Press,
Cambridge.
Smith, S.A., Stephens, P.R. & Wiens, J.J. (2005) Replicate pat-
terns of species richness, historical biogeography, and phylog-
eny in Holarctic treefrogs. Evolution, 59, 2433–2450.
Stephens, P.R. & Wiens, J.J. (2003) Explaining species richness
from continents to communities: the time-for-speciation
effect in emydid turtles. The American Naturalist, 161, 112–
128.
Terborgh, J. (1973) On the notion of favourableness in plant
ecology. The American Naturalist, 107, 481–501.
Turner, J.R.G. (2004) Explaining the global diversity gradient:
energy, area, history and natural selection. Basic and Applied
Ecology, 5, 435–448.
Vicentini, A., Barber, J.C., Aliscioni, S.S., Giussani, L.M. &
Kellogg, E.A. (2008) The age of the grasses and clusters of
origins of C4 photosynthesis. Global Change Biology, 14, 2963–
2977.
Visser, V., Woodward, F.I., Freckleton, R.P. & Osborne, C.P.
(2012) Environmental factors determining the phylogenetic
structure of C4 grass communities. Journal of Biogeography,
39, 232–246.
van Welzen, P.C., Parnell, J.A.N. & Slik, J.W.F. (2011) Wallace’s
Line and plant distributions: two or three phytogeographical
areas and where to group Java? Biological Journal of the
Linnean Society, 103, 531–545.
Whittingham, M.J., Swetnam, R.D., Wilson, J.D., Chamberlain,
D.E. & Freckleton, R.P. (2005) Habitat selection by
yellowhammers Emberiza citronella on lowland farmland at
two spatial scales: implications for conservation management.
Journal of Applied Ecology, 42, 270–280.
Wiens, J.J. (2011) The causes of species richness patterns across
space, time, and clades and the role of ‘ecological limits’. Quar-
terly Review of Biology, 86, 75–96.
Wiens, J.J. & Donoghue, M.J. (2004) Historical biogeography,
ecology and species richness. Trends in Ecology and Evolution,
19, 639–644.
Wiens, J.J. & Graham, C.H. (2005) Niche conservatism:
integrating evolution, ecology, and conservation biology.
Annual Reviews of Ecology, Evolution and Systematics, 36,
519–539.
Wiens, J.J., Ackerly, D.D., Allen, A.P., Anacker, B.L., Buckley,
L.B., Cornell, H.V., Damschen, E.I., Davies, T.J., Grytnes, J.A.,
Harrison, S.P., Hawkins, B.A., Holt, R.D., McCain, C.M. &
Stephens, P.R. (2010) Niche conservatism as an emerging
principle in ecology and conservation biology. Ecology Letters,
13, 1310–1324.
Wiens, J.J., Pyron, R.A. & Moen, D.S. (2011) Phylogenetic
origins of local-scale diversity patterns and the causes of Ama-
zonian megadiversity. Ecology Letters, 14, 643–652.
Willig, M.R., Kaufman, D.M. & Stevens, R.D. (2003) Latitudinal
gradients of biodiversity: pattern, process, scale, and synthesis.
Annual Reviews of Ecology, Evolution and Systematics, 34, 273–
309.
Willis, J.C. (1922) Age and area. Cambridge University Press,
Cambridge.
Wood, S.N. (2006) Generalized additive models: an introduction
with R. Chapman and Hall/CRC, Boca Raton, FL.
Zachos, J., Pagani, M., Sloan, L., Thomas, E. & Billups, K. (2001)
Trends, rhythms, and aberrations in global climate 65 Ma to
present. Science, 292, 686–693.
Zhao, M., Heinsch, F.A., Nemani, R.R. & Running, S.W. (2005)
Improvements of MODIS terrestrial gross and net primary
production global data set. Remote Sensing of the Environment,
95, 164–176.
SUPPORTING INFORMATION
Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
Figure S1 Maps depicting how continental boundaries were
defined.
Figure S2 Global grassland and forest cover.
Figure S3 Modelled global patterns of species richness for all
Poaceae and for the nine major grass clades.
Table S1 Reclassification of species to the level of subfamily
using recent phylogenetic classifications.
Table S2 Names of regions excluded from the analyses.
Table S3 Percentage deviance explained by generalized additive
models with clade species richness as the response variable and
either area only as a predictor, or area and each individual pre-
dictor in the model.
Table S4 Correlations (r) between species richness of the nine
major grass clades and of the variables used as predictors of
clade species richness in the generalized additive models.
Table S5 Multiple-predictor generalized additive model
results.
Table S6 Multiple-predictor generalized additive model results
without net primary productivity as a predictor.
V. Visser et al.
Global Ecology and Biogeography, 23, 61–75, © 2013 John Wiley & Sons Ltd74
BIOSKETCH
Vernon Visser is a post-doctoral researcher at the
Centre for Invasion Biology in Stellenbosch and is
interested in many aspects of biogeography, including
mapping, modelling and understanding species
distributions. This research formed part of the
GrassPortal project (http://www.grassportal.org) headed
by Colin Osborne at the University of Sheffield.
Editor: Richard Field
Insights from an unusual latitudinal diversity gradient
Global Ecology and Biogeography, 23, 61–75, © 2013 John Wiley & Sons Ltd 75
